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Abstract We used aerial photos taken before and after the 21 September 1999, Mw 7.6, Chi-Chi earthquake
in central Taiwan to measure the near-field ground deformation. A total of 12 pairs of images were processed
with Co-registration of Optically Sensed Images and Correlation to produce a horizontal displacement map of a
10 km × 10 km area near Tsaotun. Using pairs of images with different viewing angles, both the horizontal and
vertical slip across the fault zone can be measured. Our measurements when resampled into lower resolution
are consistent with lower resolutionmeasurements of horizontal displacements obtained from SPOT images, as
well as with vertical displacements obtained from repeated leveling measurements and field observations.
Horizontal strain is strongly localized along the Chelungpu fault (CLPF) and along a secondary scarp that runs
parallel to the CLPF about 2 km to the east, the Ailiao fold scarp (ALF). This pattern closely matches the surface
ruptures mapped in the field. Horizontal strain across CLPF correlates remarkably well with the topographic
features produced by long-term deformation. The cumulative horizontal shortening across the CLPF and ALF
amounts to 4.9± 0.4 and 6.1± 0.6 m, respectively, and fault-parallel displacement is 3.4 ± 0.4 m. The pattern of
surface strain is consistent with the interpretation of the ALF as a fold scarp formed over an active axial hinge
zone. This study shows that, even in this compressional setting, most surface deformation is localized within
narrow fault zones or active axial hinges.

1. Introduction
1.1. Geological Background of Chi-Chi Earthquake

The island of Taiwan is located at the active collision boundary between the Eurasian and the Philippine Sea
Plates (Figure 1). Because of this unique tectonic setting, Taiwan is characterized by dense and frequent
earthquakes and many active geological structures (Figure 1). According to Global Positioning System (GPS)
measures, these active structures absorb up to 80 mm/yr of convergence across the island [Yu et al., 1997]
(Figure 1). In western Taiwan, thrust faults are the most typical active faults; in particular, the Chelungpu and
the Changhua faults each absorb about half of the�35 mm/yr convergence across the foothills [Simoes et al.,
2007] (Figure 1). These thrust faults have generated disastrous shallow earthquakes in Taiwan’s short
recorded history [Wu, 1978], the 1999 Chi-Chi earthquake being the latest among such events. This earth-
quake ruptured the Chelungpu fault (CLPF) [Wu, 1978] over a distance of about 90 km, producing a combi-
nation of thrusting and left-lateral slip consistent with the oblique convergence across the western foothills
[Chen et al., 2001]. The focal mechanism of the earthquake indicates reverse faulting along a 29° east dipping
plane with a slight sinisterly strike-slip component [Kikuchi et al., 2000; Ma et al., 2000], which was consistent
with the ramp geometry of the CLPF [Johnson et al., 2001]. Coseismic ground displacements along the surface
ruptures showed mostly reverse slip, but there was also evidence of significant left-lateral slip, especially
along the southern part of the rupture [e.g., Chen et al., 2001].

1.2. Why Mapping the Ground Surface Deformation?

Understanding the distributed surface deformation as a result of earthquakes is an important subject to
further study on either the practical issue of seismic hazard mitigation or as a scientific one of fault kine-
matics. It is apparent, revealed by past seismic events, that damages to buildings can result not only from
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ground shaking but also from local static ground strain. A significant percentage of the damage caused by
the disastrous 1999, Mw 7.6, Chi-Chi earthquake (central western Taiwan) closely follows the areas with
concentrated surface strain, that is, surface ruptures along the CLPF [Central Geological Survey (CGS), 1999]
(Figures 1 and 2). Therefore, to learn why and how the ground strain is distributed is no doubt a stepping
stone for seismic hazard prevention in future events. Information about active faults and their past seismic
activity mostly comes from the interpretation of their morphologic signatures or shallow expressions ob-
served in trenches. It is possible, however, that a zone with significant anelastic deformation may be actually
wide, as observed in a few places where anthropogenic structures with known preseismic geometry were
surveyed [McGill and Rubin, 1999; Rockwell et al., 2002]. Studies on past seismic activity or determination of
fault slip rate from offset geomorphic features in sporadically distributed sites may be biased or incomplete.
Moreover, in a compressional setting, where thrusting is generally associated with folding, a significant
percentage of the deformation would be sometimes broadly distributed regardless of the thrust fault tips
reaching the surface or not [e.g., Avouac et al., 1993; Roering et al., 1997; Dolan and Avouac, 2007], as is the
case for the CLPF found in 1999 Chi-Chi, Taiwan, earthquake. This has been well observed and documented at
decametric trenches [e.g., Lee et al., 2001; Streig et al., 2007].

1.3. How to Map the Ground Surface Deformation?

To learn the distributed ground deformation, optical images have been approved as usable data source,
especially appropriate in coseismic ground deformation when using the technique of subpixel correlation to
compare the paired images taken before and after the earthquake [e.g., Van Puymbroeck et al., 2000; Michel
and Avouac, 2002; Klinger et al., 2006;Michel and Avouac, 2006]. However, the displacement is detectable only
if it is larger than one tenth of the image resolution [e.g., Leprince et al., 2007]. Therefore, it is adequate to
study the coseismic displacement because the ground displacement produced by a large earthquake is
usually more than the detecting limit mentioned above. It is worthy to note that this tool can obtain dis-
tributed ground displacements and map relevant values covering the whole imagery. On the other hand, the
Differential Interferometry Synthetic Aperture Radar (D-InSAR) technique also can be utilized as another data

Figure 1. Topography map of western central Taiwan indicating the epicenter and surface ruptures of Chi-Chi earthquake [after Chen et al.,
2002]. The solid red line indicates the Chi-Chi earthquake surface rupture along the Chelungpu fault as mapped in the field [CGS, 1999]. The
dashed red line shows the location of a coseismically formed scarp [CGS, 1999], interpreted as a fold scarp [Chen et al., 2007a], called the
Ailiao fold scarp. The box indicates the area within which surface displacements were measured using the correlation of aerial photos. The
coordinate system is combined by geographic coordinates and universal transverse Mercator (UTM)-51N.
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source to obtain the ground deformation and its accuracy can reach centimeter grade [Gabriel et al., 1989;
Massonnet et al., 1993; Zebker et al., 1994;Murakami et al., 1996]. Unfortunately, if the ground displacement is
higher than half of the SAR wavelength, it no longer produces a good fringe to measure the ground defor-
mation [Massonnet and Rabaute, 1993; Massonnet and Feigl, 1998]. It is hence impossible to apply it for the
coseismic ground displacements of a large earthquake that generally produces ground displacements up to a
few meters. For the case of 1999 Chi-Chi earthquake, GPS observations have already documented the total
horizontal offsets of 2.4–10.1 m across the CLPF [Yu et al., 2001]. This is the reason why so far there is no
published D-InSAR result for the hanging wall but results published for the footwall and after slip for the
event of 1999. The only hanging wall displacement mapping is in the article published by Dominguez et al. in
2003, who utilized the optical satellite images (SPOT) via the subpixel correlation. These measurements
showed 4–5 m of E-W convergence along the ground fault trace (thrust component) and 5–6 m of left-lateral
slip. The resulted maximum slip (Taichung area) exceeded 12 m with 8 m each for horizontal fault-perpen-
dicular and left-lateral slip, respectively. Other independent studies such as inversion of the geodetic data,
SPOT measurements, and seismological data all agree with this coseismic maximum slip [e.g., Ji et al., 2001;
Dominguez et al., 2003; Loevenbruck et al., 2004; Hsu et al., 2009]. Nevertheless, because of the low resolution
of the source SPOT images, which is about every 10 m a pixel, the deformation signal can only be determined
by looking at a sliding window of pixels and by removing noises, and therefore, Dominquez obtained a 1 km
grid spacing of the deformation value [Dominguez et al., 2003]. This is not enough to resolve the detailed
question and problem that we encountered on hazard mitigation and local fault kinematics. If we want to
focus on 1–2 km length to identify the subsurface geometry, one value per 100–200 m is needed. A higher
resolution of the image such as an aerial photo (1 pixel = 60 cm) could be a good source to perform
this analysis.

1.4. Objectives of This Study

This study therefore aims at publishing a high-resolution map of the horizontal coseismic deformation
caused by the Chi-Chi earthquake in the Tsaotun area, where a relatively complex pattern of ruptures with
scarps several meters high have been reported [CGS, 1999]. This area has been also found with a subsidiary
surface rupture-like deformation in addition to the main thrust, the CLPF. This is a reactivated scarp that had
been mapped as an active fault, the Ailiao fault [Yang, 1986] because of its geomorphological expression,
which lies about 2 km east the CLPF surface trace. Later studies have given fundamental insights to how

Figure 2. The cartographic coordinate system is UTM-51N. The shaded topography of the Tsaotun area was used in this study (Aerial Survey
Office, Forestry Bureau, Taiwan). The Chelungpu fault (CLPF) [CGS, 1999] is shown as a continuous red line and the Ailiao fold scarp (ALF)
[CGS, 1999; Chen et al., 2007a] is shown as the dashed red line. Locations L1 and L2 show the locations of the leveling lines of Figure 6. There
is only one coseismic Global Positioning System (GPS) data (AF23) in Tsaotun area, and the location is shown in black triangle [Yu et al., 2001].
The blue circle is the location of dating sample [Chen et al., 2003].
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earthquakes contribute to such a complicated dual-fault system [Chen et al., 2001, 2007b]. Along the CLPF,
the fault scarp was coseismically reactivated and thrown westward during the earthquake. On the other
hand, the east facing secondary scarp was displaced with a behavior of a kink fold. The correlation window
of 16 × 16, 32 × 32, or 64 × 64 pixels were used in a previous pixel comparison study on panchromatic SPOT
images (pixel size of 10 m) [Dominguez et al., 2003]. After filtering and removing noises, a deformation
value was obtained for every 1 km [Dominguez et al., 2003]; thus, the result did not allow us to recognize
the subkilometric details of interest in this area especially in the difference between CLPF and Ailiao fold
scarp (ALF). In Taiwan, the resolution of aerial photos is as high as every 0.6 m a pixel. If the correlation
window used in the comparison is as large as 256 × 256 pixels, the anticipated result could still reach a
resolution as high as 153.6 m, a datum for the spatial ground deformation map. This advantage of such a
high resolution would allow us to look at the coseismic deformation-related fault kinematics in a scale that
has never been reached before. In addition, the technical innovation is also a challenge. Although the aerial
photos have been used as data source before, they have been used for strike-slip predominant fault. This is
the first time that this technique is being applied on a thrust fault system. It is expected to implement a
new workable procedure flow to efficiently study similar events occurring in the future.

2. Methodology
2.1. Advantage of Subpixel Correlation on Aerial Photos

The subpixel correlation of optical images has been successfully applied in a number of studies when mea-
suring horizontal coseismic ground deformation from satellite images [e.g., Van Puymbroeck et al., 2000;
Michel and Avouac, 2002; Klinger et al., 2006] and aerial photos [Michel and Avouac, 2006]. The increasing
number of optical imaging programs, the availability of archived data, and the better spatial resolution that
can be achieved with aerial photos and recent satellite systems make the subpixel correlation of optical
imagery evenmore attractive. This approach applied the same technique on aerial photos with an attempt to
yield a high-resolution and distributed map of horizontal ground displacement that might be too distributed
to be detected or measured by field survey. This technique particularly allows the distributed measurement
of fault-perpendicular displacement, which can only be sporadically measured in the field. The method
adopted in this study has been preliminarily described in detail in Leprince et al. [2007]. Subsequently, the
processing flow has been used for satellite images [Michel and Avouac, 2006; Ayoub et al., 2008]. The main
difference in methodology between this and the previous study on aerial photos and satellite imagery lies in
the acquisition of images involving a frame camera instead of a pushbroom system, which involves images
with a greater field of view, and from much lower altitude. Such spatial relationship changes on optical ge-
ometry incidentally helped us discover that the disparities measured from the correlation of images taken
before and after an earthquake are sensitive to not only the horizontal but also to the vertical component of
the ground displacement. As described later in this article, actually overlapping pairs of aerial photos with
different viewing angles enabled us to resolve the horizontal as well as the vertical components of the fault
slip [Copley et al., 2011; Hollingsworth et al., 2012; Hollingsworth et al., 2013].

2.2. Processing the Disparities Between Preearthquake and Postearthquake Aerial Photos

The aerial photos used in this study were taken by the Aerial Survey Office, Forestry Bureau, Taiwan. Analog
films were digitized using a Photogrammetric Workstation (PS-TD) by a scan resolution of 14 microns. Twelve
images each for before and after the earthquake were selected. Listed in Table S1 in the supporting infor-
mation are the photo specifications, flight channels, camera types, and distribution map. Digitized films may
be corrupted by scanning artifacts [Ayoub et al., 2009], but no scan artifacts were detected from the
subsequent correlations.

The method is based on the correlation of preearthquake and postearthquake images, which are first
coregistered and orthorectified on the same ground grid. The orthorectification was performed based on a
40 m preearthquake digital elevation model (DEM) and 1/5000 Topo-maps, both produced by the Aerial
Survey Office, Forestry Bureau, Taiwan. The internal orientation model (geometry of the camera and optical
distortions correction) detailed in the camera calibration report was taken into account for all the photos. The
external orientation (attitude and geographic position of the exposure station) of the preearthquake photos
were calculated and optimized using ground control points (GCPs), selected on the 1/5000 Topo-maps and in
the DEM. The orthorectified preearthquake images were then used as a reference to define GCPs for the
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postearthquake photos. The ground coordinates of the postearthquake GCPs were corrected to account for
the coseismic ground displacement. These corrections had been defined from the displacements measured
from SPOT images [Dominguez et al., 2003]. The resolution of raw images is 0.6 m, and the orthorectified
images were resampled by 1 m. The geometric disparities between the orthorectified preearthquake and
postearthquake aerial photos were then measured and sampled on a 16 × 16 m resolution grid from corre-
lation performed using a 128 × 128 pixels sliding window. As all procedures have been computerized, a
software package, Co-registration of Optically Sensed Images and Correlation (COSI-Corr), installed under
operation system ENVI has been developed for the procedure integration [Leprince et al., 2007]. This study
takes the advantage of such a convenient tool [Leprince et al., 2007] to execute the image rectification, to
complete the subpixel comparison, and to publish the map of ground displacements.

2.3. Uncertainties and Bias Sources

Several key sources of uncertainties or artifacts should be noted. First, the large difference between the
resolution of the DEM (40m) and the aerial photos (<1m)may leave uncorrected parallax distortions that will
be retrieved in the correlation maps as horizontal displacements. The high-frequency texture of aerial photos
is susceptible to rapid decorrelation because of man-made modifications, shade orientation, changes in
vegetation cover, and so on. Any area that sustained change between the two acquisition dates will
decorrelate, and therefore, no displacement values could be provided. Finally, because of the coordinate
system and production mode, it would be difficult to calculate the error from the different source of DEM;
therefore, we chose preearthquake DEM (40 m) to process. Nevertheless, in this case, this is a thrust fault
event and the hanging wall of CLPF was uplifted several meters. When we orthorectificated the
postearthquake aerial photos on preearthquake DEM, we could calculate the vertical displacement, an un-
expected result. It will be described in detail in the next paragraph.

Figure 3. Mosaic of the east-west disparity maps in the Tsaotun area as measured by the correlation of two different overlapping pairs of
aerial photos taken before and after the Chi-Chi earthquake. The displacements that are in the overlapping area were averaged by the
measurements of the same location. (a)Western track and (b) eastern track. Cartographic coordinates are given in kilometers (UTM-51N). X-X′
and Y-Y′ show location of profiles of Figure 4. The continuous blue line shows the Chelungpu fault (CLPF) [CGS, 1999], whereas the dashed
blue line indicates the location of the Ailiao fold scarp (ALF) [CGS, 1999; Chen et al., 2007a].
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3. Results
3.1. The Disparity Actually Sensitive to Vertical Displacements

Figure 3 shows the E-W disparitymapsmeasured along two different tracks covering the CLPF. The result shows
a clear discontinuity along both tracks, which matches well with the surface ruptures reported by the CGS
[1999]. Topographic residual is small even in the southern mountainous area, thanks to the small baseline be-
tween preearthquake and postearthquake images. However, the disparity maps computed from the two tracks
show obvious differences. As seen in the profiles in Figure 4, the E-W fault offset is about 3.3 m on the western
track and about 5.8 m on the eastern track. This discrepancy is the result of a vertical ground displacement seen
from two different angles but using only a preearthquake DEM as illustrated by Figure 5. Trigonometric equa-
tions relate the vertical and the horizontal displacements (Figure 5). Along the X-X′ profile in Figure 2 and fol-
lowing Figure 5, á and â are both about 72°, then xL and xR are 3.2 m and 5.8 m, respectively. Along the Y-Y′
profile and following Figure 5, á and â are both about 71°, then xL and xR are 3.4 m and 5.8 m, respectively.
Using the trigonometric relationships in Figure 5, the change of elevation can be estimated to be approximately
4.0 m along X-X′, and about 3.5 m along Y-Y′. These are only crude estimates, but they compare well with the
elevation change measured along two nearby leveling profiles, L1 and L2 [CGS, 1999] (Figures 2 and 6). These
leveling results indicate that the CLPF hanging wall was uplifted by about 3 to 4 m relative to the footwall.

To estimate unbiased horizontal displacements, we lifted the ground level up by 3 m for the preearthquake
DEM over the hanging wall area of the CLPF to assume a postearthquake DEM, orthorectified, and correlated

Figure 4. East-west disparities measured along the X-X′ and Y-Y′ profiles based on the correlation of the aerial photos taken along the west-
ern (pink) and eastern (blue) tracks. The locations of the X-X′ and Y-Y′ profiles are shown in Figure 3. The apparent offsets across the fault are
3.2 and 3.4 m determined from the western track and 5.8 m from the eastern track.
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the aerial photos again. After such correction, the disparities should only reflect the horizontal displacements.
The profiles running into the disparity field determined from the eastern and western pairs of images were
now consistent (Figure 7). The E-W horizontal displacements across the CLPF are estimated to be 4.5 m and
4.6 m along X-X′ and Y-Y′ profiles, respectively (Figure 7). This shows the possibility of estimating vertical
displacements in addition to horizontal from aerial photos acquired with different viewing angles, although
the spatial resolution and accuracy of the vertical component can only be crude. In any case, estimating
vertical displacements is necessary to estimate unbiased horizontal displacements if the postearthquake
DEM has not been generated.

3.2. The Resulted Map of Coseismic Horizontal Ground Displacement

Figure 8 shows the horizontal displacement field obtained from the measurements made from all aerial
photos used in this study. Topographic stereoscopic residual is also limited, thanks to the small difference in
viewing angles between the preearthquake and postearthquake images [Ayoub et al., 2009]. The most
striking feature in Figure 8 is the abrupt discontinuity, which precisely matches the ruptures mapped along
the CLPF. The only other area with significant surface strain lies parallel to CLPF about 2 km to the east, which
coincides with the ALF [Chen et al., 2007b].

We have created 50 E-W profiles across the fault zones from north to south in the study fault segment at
Tsaotun. Each profile corresponds to a 48 m wide swath (Figure S2). Figure 9 shows the locations of profiles
07, 19, 24, 34, A-A′, B-B′, and C-C′. Figures 10–12 and S2 are the E-W component of horizontal displacements
along these profiles. We used these profiles to measure the E-W and N-S offsets across the CLPF and the ALF
(Figure 13). Results show an average E-W horizontal shortening of 4.9 ± 0.4 m across CLPF only and a total of
6.1 ± 0.6 m across both CLPF and ALF.

4. Discussion
4.1. Comparison of Coseismic Horizontal Strain and Topography—Implications for the Slip Rate and
Earthquake Return Period on the CLPF

We compare long-term deformation, as expressed in the topography, with coseismic deformation along
three representative profiles (A-A′, B-B′, and C-C′ in Figure 10). Four discontinuities are observed along profile
A-A′ at locations exactly matching the surface ruptures documented during the postearthquake

Figure 5. A simplified diagram showing how the disparities measured from the correlation aerial photos depend on coseismic horizontal
(dx) and vertical (dz) displacements and on the viewing angle. For simplicity, the initial topography is assumed horizontal and the hang-
ing wall is assumed rigid and fixed (it defines the reference frame); the footwall is assumed to be rigid and translated by a constant vector.
The black line represents the ground surface before the earthquake, whereas the red line indicates the ground surface after the earthquake.
We assume that all other sources of geometric distortions are negligible. “xL” is the apparent coseismic offset of the left pair, and “xR” is the
apparent coseismic offset from the right pair. Because the vertical offset as a result of the earthquake is not accounted for, xL and xR are
different. This difference can be used to separate dx and dz from xL and xR.

Journal of Geophysical Research: Solid Earth 10.1002/2013JB010308

KUO ET AL. ©2013. American Geophysical Union. All Rights Reserved. 651



investigations of Geological Survey of Taiwan [CGS, 1999]. The largest step appears at the westernmost lo-
cation and coincides obviously with the main fault exposure on the ground surface. The other three coincide
with minor faults in the hanging wall [CGS, 1999]. Profile B-B′ runs through a special location in the township
of Tsaotun, where the CLPF branches into two main traces each with similar offsets (2 m). The vertical offset
across the easternmost trace is 1.6 m according to the CGS report [CGS, 1999], suggesting a dip angle of 39°.
Profile C-C′ is the representative of the most common situation where only one major fault trace is observed
as a scarp strand. We estimate the fault-perpendicular component of horizontal displacement across CLPF at
that location as 4.8 ± 0.4 m, whereas the leveling data [CGS, 1999] indicate a vertical component of slip as
3.5 m at the same location (Profile L2 in Figure 6) implying a dip angle of about 36°. All three above profiles
show that the horizontal strain across the CLPF correlates remarkably well with the topographic expression
manifested in long-term deformation (Figure 10). Coseismic strain as a result of the Chi-Chi earthquake is thus
probably representative of the incremental events that have built the topography in the long run.

As we also know, the ratio of the cumulative uplift to coseismic uplift can be used to estimate the amount of
fault-perpendicular shortening that must have occurred since the abandonment of the river terraces in
Tsaotun area. It is assumed that the fault plane dip angle deduced from coseismic deformation could also be
applied to long-term deformation. The close coincidence of coseismic and cumulative deformation pattern
supports the assumption that cumulative deformation has resulted from slip along the same fault by many
single events as for each provided during the Chi-Chi earthquake. This argument is best supported in profile
C-C′ of the area where the main river terrace is not only well preserved in the hanging wall (Figure 2) but is

Figure 6. Elevation changes across the Chelungpu fault (CLPF) and the Ailiao fold scarp (ALF) along leveling lines L1 and L2 as determined
by comparing field measurements taken before and after the Chi-Chi earthquake in February 1998 and October1999, respectively [after CGS,
1999]. See Figure 2 for profile locations.
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Figure 7. Coseismic east-west horizontal displacements as determined by the east-west disparities measured along X-X′ and Y-Y′ profiles
from the correlation of the aerial photos taken along the western (pink) and eastern (blue) tracks. The locations of the X-X′ and Y-Y′ pro-
files are shown in Figure 3. The apparent offsets across the fault are 4.3 and 4.2 m determined from the western track and 4.5 and 4.6 m from
the eastern track, respectively.

Figure 8. The map of horizontal displacement relative to the footwall measured from the correlation of 12 pairs of aerial photos (Table S1); a
correlation window of 128 × 128 m and a sampling of 16 m were used. (a) East-west component and (b) north-south component. The
cartographic coordinate system is UTM-51N. The continuous blue line represents the Chi-Chi earthquake surface ruptures along the
Chelungpu fault (CLPF) [CGS, 1999], and the dashed blue line shows the location of the Ailiao fold scarp (ALF) [CGS, 1999; Chen et al., 2007a].
The black triangle (AF23) is the location of the Global Positioning System (GPS) data in Tsaotun [Yu et al., 2001].
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also dated. The age of river terrace is 11–16 ka according to optically stimulated luminescence (OSL) dating of
the sandy layer intercalated within the gravel bed [Chen et al., 2003]. The cumulative vertical offset is esti-
mated as 27–34 m, read out from the topographic profile (C-C′). The cumulative uplift is actually larger than
the above mentioned reading value, because sedimentation over the footwall needs to be taken into ac-
count. A rate of 4.1–6.7 m/kyr has been proposed from a borehole study near Wufeng [Chen et al., 2003,
2009]. We therefore estimate the cumulative vertical throw across the CLPF over the last 11–16 ka to be about
45–55 m [Chen et al., 2003]. Based on the ratio of vertical and horizontal slip during the Chi-Chi earthquake,
we infer that about 101.7 ± 10.1 m of horizontal slip must have accumulated since the abandonment of the
river terrace. This implies an average convergence rate of 7.9 ± 2.2 mm/yr across the fault zone over the
Holocene and a left-lateral slip rate to 4.5 ± 1.2 mm/yr. The convergence rate is comparable to the 5–8.5 mm/
yr estimated from trenching studies that is based on an age coverage of the past 1.9 ka [e.g., Chen et al., 2004;
Wang, 2005] but less than the 12.9 ± 4.8 mm/yr rate estimated from a faulted and folded terrace dated to
about 11 ka [Simoes et al., 2007]. The difference of the rates may come from the age analysis as our estimate is
based on only one age result. Another possibility would be that the short-term rate could be larger than the
long-term rate, implying an increasing tectonic rate in the recent past.

Given that recurring earthquakes at one location tend to produce similar slip events [e.g., Yeats et al., 1997],
we estimate that about 17 events have occurred since the river terrace abandonment. Based on the 11–16 ka
OSL age of this terrace, it yields a return period of Chi-chi-like events of about 650–940 yr, which is close to the
average recurrence interval of about 700 years for the past 2 ka from trenching studies [Chen et al., 2007a].

Figure 9. The Chelungpu fault (CLPF) [CGS, 1999] is shown as the continuous blue line, and the Ailiao fold scarp (ALF) [CGS, 1999; Chen et al.,
2007a] is shown as the dashed blue line. Locations of profiles (7, 19, 24, and 34) are shown in Figures 11 and 12. Each profile corresponds to a
stack within a 48 m wide swath (corresponding to 3 pixels in the disparity map). A-A′, B-B′, and C-C′ show the starting and ending points of
the profiles in Figure 10. The coordinate system is UTM-51N.

Figure 10. Topography and horizontal east-west surface displacements measured along the profiles A-A′, B-B′, and C-C′. These profiles correspond to close-up views on the Chelungpu fault.
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4.2. Structural Model of the CLPF From Coseismic Horizontal Ground Displacements

Our measurements show very localized deformation mainly along the CLPF main trace or along the few
subsidiary thrust faults that must branch off of the main fault to reach the surface as distinct thrust faults
typically within 500 m from the main fault trace (as is seen along profiles A-A′ and B-B′ in Figure 10). The
findings is in contrast to the common belief that folding and thrustingmust involve some large fraction of off-
fault deformation and the fact that distributed deformation has been clearly documented in trenches [Streig
et al., 2007]. We believe that this distributed deformation reflects tapering of slip on the CLPF because of
anelastic deformation of the hanging wall. However, this process occurs only at very shallow depth on the
order of a few tens of meters [Yue et al., 2005].

We can now use our measurements to infer the CLPF geometry at depth and investigate the relation between
the CLPF and the ALF. The fault-perpendicular/fault-parallel components of horizontal displacement across
CLPF can be estimated as 4.8 ± 0.4/3.6 ± 0.6 m and 5.1 ± 0.4/3 ± 0.4 m for profiles 7 and 34, respectively
(Figures 11 and 12). The vertical uplift across the fault measured at those locations by precise leveling yielded
a value to about 3.5 m [CGS, 1999] (Figure 6). Based on the above mentioned data, the net slip on the CLPF
can be synthesized as about 6.9 m at both locations. Therefore, the dip angle of the shallow portion of the

Figure 11. Horizontal (a) east-west and (b) north-south displacements along four selected profiles (7, 19, 24, and 34). The smooth lines in these profiles follow the Negative Exponential
Function and use the sampling proportion for 0.1 and polynomial degree for 2. All profiles show a sharp line across the Chelungpu fault (CLPF) and a gradual changing zone of the hor-
izontal displacement across the Ailiao fold scarp (ALF).
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CLPF can thus be computed as 36.2 ± 2.2° and 34.5 ± 2.1° along profiles 7 and 34, respectively. However, we
note that the leveling data [CGS, 1999] (Figure 6) relative to the footwall shows only about 2.6 m of hanging
wall uplift more than 2 km to the east of the CLPF, suggesting that the dip angle of the fault might decrease
with depth.

Figure 12. The nineteenth profile, located in the northern study area, yields (a) 4.6 ± 0.3m and (c) 3.6 ± 0.7m of horizontal displacements for the
E-W and N-S component, respectively, across the Chelungpu fault (CLPF), and the E-W component obviously increases to 5.7 ± 0.2m (Figure 12a)
further across the Ailiao fold scarp (ALF) to the east (Figure 12a). The 34th profile, located in the south, shows (b) 5.1 ± 0.4 and (d) 3.0 ±0.4 m of
horizontal displacements for the E-W and N-S component, respectively, across the CLPF, up to 6.8 ± 0.3 for the E-W component eastward across
ALF. (e and f) The elevation subtracted preearthquake from postearthquake and the linear regression trend line are respectively shown in blue
and red. (g and h) The dip angles calculated by the smooth line of horizontal east-west displacements and the linear regression trend line of
elevation subtraction are shown in red. (i and j) The bottom two sketches show simplified fault geometry beneath these two profiles.

Journal of Geophysical Research: Solid Earth 10.1002/2013JB010308

KUO ET AL. ©2013. American Geophysical Union. All Rights Reserved. 656



It has been proposed that the ALF scarp, formerly thought to mark the trace of an active fault called the Ailiao
Fault [Yang, 1986], would actually be a fold scarp [Chen et al., 2007b] (Figure 14). Indeed, field evidence shows
that in this area the river terrace was gently tilted forming a monoclinal fold scarp rather than a fault during
the Chi-Chi earthquake [Chen et al., 2007b]. This interpretation is consistent with our measurements that
show a 500–1200 m wide zone of horizontal shortening around the ALF (Figure 11). Furthermore, this
monoclinal fold scarp spatially coincides with the surface project of intersection line from a fault bend on the
underground CLPF fault plane, which is visible in depths of less than 2 km on seismic profiles [CGS, 1999; Yue
et al., 2005]. The scarp morphology would reflect the finite width of the axial zone formed in association with
fault bend and the difference of dip angles between the shallow ramp and the deeper segment [Chen et al.,
2007b]. By our result, the change of dip angles across that bend can be estimated. As mentioned above, the
leveling data [CGS, 1999] (Figure 6) show about 2.6 m of uplift for the hanging wall 2 km to the east of CLPF.
Our total fault-perpendicular convergence across the ALF and CLPF can be summed up to 6.8 ± 0.3 m

Figure 13. (a) The shortening (~fault perpendicular) and (b) north-south (~fault parallel) components of horizontal surface displacements across the Chelungpu fault (CLPF; blue) and
across both the CLPF and the Ailiao fold scarp (ALF; pink) as measured along all of the 50 profiles reported in Figure 8. The measurements of slip on the CLPF made from the correlation
of SPOT images [Dominguez et al., 2003] are also shown for comparison. (c) The dip angle of fault geometry by shortening and assumed vertical displacement in each profile is shown in blue
(shallow high-angle segment) and red (deeper low-angle segment). The beginning and ending depths of hinge zone between these two segments are shown in green.

Figure 14. Schematic block diagram showing the fault geometry of the Chelungpu fault and the relationship between fault slip depth and hor-
izontal surface displacements. Seismic profiles [Yue et al., 2005] show continuous strata consistent with a fault-bend fold mechanism of folding,
as illustrated here. The fold scarp represents the surface expression of the axial hinge zone because of the change of fault dip angle at depth.
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(Figure 12). This implies a dip angle on the deeper portion of the CLPF of about 20.9 ± 0.8° which is consistent
with the seismic profile interpretation of Yue et al. [2005]. Our measurements of horizontal contraction across
the ALF are quantitatively consistent with its interpretation as a fold scarp manifesting an axial zone associ-
ated with a finite-width bend along the CLPF as proposed before [Chen et al., 2007b] (Figure 14).

4.3. Three-Dimensional Fault Geometry Derived by Our Map of Coseismic Ground Displacement

As we learned already from the previously published profile across this region, the CLPF here is characterized
by a fault bend located in depth of 1–2 km. However, the detailed 3-D fault geometry can be finally
reconstructed when we are able to measure coseismic and high-resolution ground horizontal displacements
by COSI-Corr on aerial photos. For this purpose, the vertical displacements are also required to compose the
actual ground deformation. We therefore used all the elevation controlling points from the preearthquake
and postearthquake 1/5000 Topo-maps to interpolate DEMs in resolution of 100 × 100 m. We then processed
subtraction from these two DEMs, thus obtaining the resulting coseismic vertical displacements. For spatial
analysis from north to south, 40 E-W profiles of the subtracted DEM are extracted across the fault zones in a
resolution of every 100 m. The general pattern for the profiles is similar to that of the horizontal displacement
as discussed earlier. Even the variation along the distance is quite high; generally, three segments can be
identified as the footwall segment and the two hanging wall segments separated by ALF. After removing the
outliers, linear regression trend line for each segment is computed for each profile (e.g., Figure 12). As the
coseismic horizontal and vertical displacements have been independently worked out, a composed ground
deformation can be further reconstructed for the study area. Based on the composed ground deformation,
the fault dips beneath for the profile from north to south (Figure 13c) and the 3-D fault geometry for the CLPF
at Tsaotun can be inferred (Figure 15). Our results show that the averaged dip angles are 40.3 ± 3.0° and
24.4 ± 3.6° for the shallow high-angle and deep low-angle fault planes of the CLPF, respectively. However, for
the shallow high-angle fault plane, there is a steeper southward trend from 36.6° to 46.6° (2654700, UTM zone
51 latitude) and gentler southward to 33.8° (Figure 13c). On the other hand, the dip angle of the deep low-
angle fault plane is 34.6° in the north (2655700, UTM zone 51 latitude) and gradually decreases to a minimum
of 19.1° at 2654300 (UTM zone 51 latitude) but increases again southward, which shows a curve in Figure 13c.
It is actually a fault bend as shown in Figure 15. The fault bend in the northernmost study area occurs at a
depth of 0.9–1.3 km and increases to a depth of 1.5–1.7 km (2655200, UTM zone 51 latitude), and then
gradually sinks into 1–1.3 km to the southern boundary of the study area. It is also governed by the zone
width of ALF. In addition, at around the location (2654700, UTM zone 51 latitude), the largest dip angle
turning across the bend can reach 25.2°, which can produce a maximum slope angle of 21.2° and the average
maximum slope angle of 13.0° for the fold scarp on the ALF [Chen et al., 2007b] (Figure 13c).

5. Conclusion

The pattern of coseismic surface deformation caused by the Chi-Chi earthquake in Tsaotun area has been
measured with unprecedented accuracy, thanks to the coregistration and correlation of aerial photos using

Figure 15. The 3-D view of the fault geometry constructed by steeper upper and gentler lower fault plane as well as a transition hinge zone
(in gray). The XY coordinate system is UTM-51N.
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COSI-Corr. Across the Chelungpu thrust system, the profiles of horizontal displacements demonstrate that
the coseismic deformation is either localized in narrow zones of surface faulting (<10 m) or within axial shear
zones in the hanging wall related to fault-bends at depth. These observations are consistent with the pre-
vious interpretation of the structure as a fault-bend fold; more specifically, the ALF in the study area is a fold
scarp formed over an active axial zone beneath. The cumulative horizontal shortening across the CLPF and
ALF amounts to 4.9 ± 0.4 and 6.1 ± 0.6 m, respectively, and left-lateral displacement is 3.4 ± 0.4 m. The dip of
fault geometry is 33.8°–46.6° and change to 19.1°–34.6° at the 0.9–1.7 km depth. The large change of dip
angle is roughly shown at 2654700 (UTM zone 51 latitude) and become smaller to north and south. The study
shows that cumulative deformation expressed in the geomorphology of the CLPF in Tsaotun area is pro-
portional to coseismic deformation as a result of the Chi-Chi earthquake. Based on this observation and the
age of abandonment of the river terrace, we infer a shortening rate on the CLPF of 7.9 ± 2.2 mm/yr with a left-
lateral slip of 4.5 ± 1.2 mm/yr.

From a methodological point of view, the study demonstrates the interest in aerial photos for tectonic ge-
odesy. This approach produces a distributed high-resolution map in a grid of 128 m2 for horizontal ground
displacements covering the entire study area, which has never been achieved for a coseismic thrusting event
before. The vertical displacements, also never being developed by this technique before, are proven as de-
rivable if the overlapping pairs are available. The most important advantage is that this method can take into
account any distributed deformation that are difficult to measure in the field, especially for those sites away
from the rupture zones. Aerial photos are usually available and archived in many countries, which make this
technique very much applicable. The abundant and distributed spatial results are extremely valuable to re-
visit past earthquakes or to study future earthquakes. In addition, aerial photos can be taken for special
purposes and are not limited by time and track as satellite images are. This convenience makes our technique
relatively also economical and quick when applied on aerial photos.
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